The fine modulation of transcriptional activity around DNA lesions is essential to carefully regulate the crosstalk between the activation of the DNA damage response, DNA repair and transcription, particularly when the lesion occurs next to actively transcribed genes. Recently, several studies have been carried out to investigate how DNA lesions impact on local transcription, but the emerging model remains incomplete. Transcription of genes around damaged DNA is actively downregulated by the DNA damage response through different mechanisms, which appear specific to the chromatin context, the type of DNA damage or its complexity. Intriguingly, emerging evidence also indicates that transcription of noncoding RNAs (ncRNAs) is induced at sites of DNA damage, producing small ncRNAs that are, in turn, required for a full DNA damage response activation. We discuss here these recent findings, highlighting the major unresolved questions in the field, and propose ways to reconcile these apparently contradictory observations.
Introduction
Our chromosomes are vibrant factories where multiple processes take place at the same time and often in the same region. For instance, chromatin modulation, transcription, and RNA processing are all events that simultaneously occur on the same stretch of chromatin and thus need to be carefully regulated in space and time. Moreover, our genome is constantly exposed to endogenous and exogenous sources of DNA damage, requiring an additional level of regulation for all these processes.
To counteract DNA lesions and preserve genome stability, cells use a complex set of molecular pathways that sense DNA damage, signal its presence, and promote its repair [1] . These pathways are collectively termed the DNA damage response (DDR) and are primarily controlled by the three phosphatidylinositol 3-kinase-like protein kinases (PIKKs): DNA-dependent protein kinase (DNA-PK), ataxia telangiectasiamutated (ATM), and ATM and Rad3-related (ATR).
Once activated, DNA-PK, ATM, and ATR coordinate DDR signaling and DNA repair through phosphorylation of a large number of proteins. Some of these phosphorylation targets act at the lesion to direct local DNA repair activities, while others diffuse from the lesion to activate a variety of signaling pathways that ultimately target transcription factors, cell cycle regulators, and DNA repair proteins [2, 3] .
Since detection, signaling, and repair of DNA damage occurs within the context of chromatin, a critical outcome of PIKKs activation is the dynamic reorganization of the chromatin in the vicinity of the break [4] . Phosphorylation of the histone variant H2AX (cH2AX) is a key histone modification in the DDR, which spreads along damaged chromatin and directs the recruitment of downstream DDR proteins to DNA double-strand breaks (DSBs) [5] . Along with phosphorylation, histone ubiquitylation is also emerging as an important modification at sites of DNA damage, required for both DDR signaling and local transcriptional modulation [6, 7] .
The signal amplification promoted by the DDR kinases also leads to the activation of global transcriptional programs that promote the expression of specific sets of DNA damage-responsive genes, such as the ones controlled by the key transcription factor p53 [8] .
A more comprehensive understanding of these transcriptional programs is now available, thanks to the recent advances in next generation sequencing technologies, which have provided a genome-wide and unbiased view of the alterations in the cellular transcriptome induced by DNA damage [9] .
Instead, we aim here to discuss how DNA damage, and in particular DNA DSBs have a local impact on transcription, an event that has only recently begun to be investigated, eliciting a debate in the field.
While recent works indicate that DSB induction down regulates gene transcription around the lesion [10] [11] [12] , generation of small noncoding RNAs (ncRNAs) at DSB sites has been described by several groups and in different organisms [13] [14] [15] . Moreover, a very recent work shows that DSB generation in the yeast Schizosaccharomyces pombe significantly increases the association of RNA polymerase II (RNAPII) with genomic regions adjacent to the break, which results in a localized transcriptional event and RNAÁDNA hybrids formation [16] .
If and how these two transcriptional events coexist or regulate each other remain unknown.
This review speculates about the molecular mechanisms by which DSBs, and consequent DDR activation, may induce transcriptional repression of genes around the damaged site, while allowing the de-novo production of small ncRNAs. [18] [19] [20] , where ATM activity is required to repress transcription at persistent nucleolar DSBs, and delocalize lesions to the nucleolar periphery, thus facilitating their repair [19, 20] .
DDR
Using the I-PpoI nuclease to induce single DSBs within two endogenous genes, Pankotai and colleagues observed that RNAPII was released from both the promoter and the body of damaged genes, suggesting that transcription is repressed both at the initiation and elongation steps [12] . This phenomenon is dependent on the DSB localization of the activated form of DNA-PK. Indeed, upon pharmacological inhibition of DNA-PK, both transcription and RNAPII occupancy were restored to physiological levels, supporting a model where DNA-PK stops transcription near the break by actively displacing RNAPII, which could otherwise bypass the break and continue transcribing, with the risk of nucleotide misincorporation.
The mechanism by which DNA-PK removes RNA-PII has not yet been demonstrated, but it has been proposed to involve the proteasome-dependent degradation of RNAPII (Fig. 1) . Indeed, depletion of a core subunit of the proteasome complex, as well as treatment with the proteasome inhibitor MG132, rescued the transcriptional arrest at DSBs, similar to DNA-PK inhibition [12] . Moreover, a direct connection between DNA-PK and proteasome-mediated protein degradation at DNA damage sites was recently reported in the work by Cristini et al., where DNA-PK was shown to regulate the proteasome-dependent degradation of the topoisomerase I cleavage complexes (Top1cc) at the damaged locus [21] . However, this work investigated a particular kind of DSB, which is generated during resolution of transcription-blocking lesions caused by Top1cc stabilization. Whether this proteasome-related function for DNA-PK can be applied to all DSBs is still unknown.
In a different cellular system, DNA-PK activity does not seem to play a role in DSB-dependent transcriptional silencing, which is instead mediated by ATM [10] . The authors of this work developed an elegant system in which a cluster of DSBs can be enzymatically generated upstream of an inducible reporter gene, whose transcription is detected as an accumulation of a stem-loop structured transcript recognized by a fluorescent isoform of the MS2 viral protein. With this tool, the authors observed that, in response to the generation of a cluster of DSBs, the expression of the distal reporter gene (4-13 kb) decreased concomitantly with the appearance of histone H2A monoubiquitylated on the lysine 119 (H2A-K119ub), known to be associated with condensed chromatin [22] . In line with this, DSB generation in such cellular system prevents the decondensation of the reporter locus associated with its transcriptional activation, suggesting that a more compacted state of the chromatin is responsible for the observed transcription downregulation of the reporter gene. Strikingly, ATM kinase activity is required for changes in both transcription and chromatin structure at DSBs, since ATM inactivation restores the transcription-dependent decondensation of the damaged locus, and also inhibits H2A-K119 monoubiquitination of the chromatin surrounding the break.
Thus, transcriptional repression in mammals relies on active processes controlled by DDR kinases activated in response to DNA breaks, rather than on DNA lesions themselves per se.
Differently from the above-discussed DNA-PKdependent mechanism, in this ATM-dependent pathway, RNAPII exclusion from the damaged locus is evident only when the elongating form of RNAPII (Ser2-phosphorylated) is detected, while the total levels of RNAPII are not affected.
Consistent with this observation, results from independent reports suggest that while the elongating form of RNAPII is excluded from sites of microirradiation [23, 24] , total RNAPII is maintained [25] , if not accumulated [26] on the damaged chromatin. Therefore, transcriptional machinery may be only transiently 'frozen' in response to DSBs, rather than being removed and degraded, and only the transition from pausingto-elongation state of RNAPII may be affected.
Although it can be argued that transcriptional modulation of an inducible reporter gene transcribed from a strong artificial promoter may not reflect a physiological condition, these results raise the intriguing hypothesis that two distinct DDR-driven pathways exist: one dependent on DNA-PK that involves the proteasome-dependent eviction of RNAPII from the damaged chromatin, and the other requiring ATM activity to create a local dense chromatin structure that poses a barrier to RNAPII processivity. Indeed, although DNA-PK and ATM share several common substrates, a recent work revealed that the two kinases also have nonoverlapping functions in DDR signaling and DSB repair [27] . ATM mostly acts in DDR signaling and global organization of the damaged chromatin and is the sole mediator of repair of DSBs with blocked ends [28] , while DNA-PK is involved in local DNA repair events. Thus, DNA-PK may be required when the break occurs in actively transcribed genes, where degradation of RNAPII may be necessary to clear the DNA regions that need to be repaired. Conversely, ATM may induce transcription inhibition of all genes within a certain distance from the break through ubiquitin-mediated compaction of chromatin. In particular, works with the above-described cellular model suggest that ATM-dependent chromatin ubiquitination can extend over at least 14 kb away from the break site, thus inhibiting transcription of genes many kilobases away from the lesion [10, 29] .
Notably, other studies indicate a different scenario, where a single DSB generated within endogenous genes only suppresses transcription of damaged genes, without affecting the expression of genes adjacent to the lesion [11, 12, 30] . A genome-wide study of a mouse model in which individual DSBs are induced at endogenous genomic loci also offered detailed insights on the spatial regulation of transcription inhibition at DSBs. Here, by analyzing changes in the expression of genes located at increasing genomic distances from the break, the authors show that transcription of genes at 10 kb, 100 kb, 500 kb, and 1 Mb away from the break is not affected, while significant transcription inhibition is observed for break-bearing genes in an ATMand DNA-PK-dependent manner [11] . Differently, unpublished data from our laboratory suggest that site-specific DSBs generated by a restriction enzyme in a human cancer cell line cause transcriptional downregulation of genes overlapping and proximal to DSBs. Importantly, such transcriptional downregulation declines upon increasing genomic distances from the break, with the genes at 1 Mb detected unaffected.
The cause of these contradictory observations remains unclear, and whether they may reflect the different activities of ATM and DNA-PK kinases, acting in two mutually exclusive pathways, is an important issue that awaits to be addressed in full. Indeed, in the work by Kim et al., ATM and DNA-PK kinases were simultaneously inhibited, thus complicating the interpretation of their individual role in the repression of transcription at DSB [11] . Thus, a more defined study on a global scale is needed to fully understand whether and in which conditions ATM and DNA-PK kinase activities may influence the spatial regulation of transcription inhibition.
Differently from DNA-PK and ATM that respond to DSBs, ATR is activated upon exposure of singlestranded DNA (ssDNA) usually accumulating at stalled DNA replication forks [31] . Interestingly, at these complex structures, gene transcription decreases in an ATR-dependent manner [17] . In this context, transcriptional repression of genes containing clusters of stalled replication forks requires an active pathway driven by ATR, which promotes the proteasomedependent degradation of the histone chaperone ASF1a. This prevents the rapid assembly of nucleosomes on the newly replicated DNA that is indeed maintained as ssDNA, likely contributing to RNAPII destabilization and eviction.
Overall, these results highlight the involvement of DDR kinases in a negative transcriptional response to DNA damage, which decreases the expression of genes in proximity to DSBs via distinct molecular mechanisms.
PARP
An interesting role for transcriptional silencing at DNA damage sites has also been discovered for poly (ADP-ribose) polymerase (PARP) family members. PARPs are known to promote changes in both chromatin architecture and gene expression via multiple molecular mechanisms, mainly relying on the synthesis of poly(ADP-ribose) (PAR) chains on histones and non-histone proteins [32] . At sites of laser microirradiation, Chou et al. observed a clear loss of nascent transcription and the exclusion of elongating RNAPII, which was dependent on PARP1 and PARP2 activity [24] . PARP1 recognizes a variety of DNA lesions, such as single-strand breaks, DSBs and DNA crosslinks [33] , thus PARP1 may be required to silence transcription at heavily damaged regions such as at microirradiated sites, where all these types of lesions are densely present.
A recent work also showed that PARP1 promotes chromatin compaction around a single DSB generated within a transcribed gene, by recruiting a repressive complex containing the KRAB-associated protein-1 (KAP1), the heterochromatin protein 1 (HP1) and the histone-lysine N-methyltransferase SUV39H1 [34] . Once recruited to the site of DNA damage, SUV39H1 promotes the initial depositing of repressive H3K9me3 marks, allowing subsequent binding and spreading of additional KAP1/HP1/SUV39H1 complexes around the DSB. Although concomitant transcriptional events at DSB were not investigated in this work, it is tempting to hypothesize that this PARP1-guided methylation pathway is responsible for the observed PARP-dependent transcriptional repression at laserdamaged sites [24] and that, similar to ATM, PARP1 may inhibit gene transcription at DSBs through chromatin condensation.
Indeed, additional repressive factors localize at laser-damaged regions in a PARP-dependent manner: the NuRD complex [24, 35] , the polycomb repressive complexes 1 (PRC1) and 2 (PRC2) [36] , and the macroH2A1.1 histone variant [37] . Interestingly, except for macroH2A1.1, a direct role in transcriptional repression at DSBs has been demonstrated for both the NuRD [38] and the polycomb complexes [29, 39] , further supporting the model in which PARP activity is necessary to recruit distinct factors that convert damaged chromatin into its transcriptionally quiet state (Fig. 2) . Based on this model, localization of such repressive factors to damaged sites may depend on direct binding to PAR chains on the damaged chromatin or on different, yet unidentified, changes in PARylation occurring in response to DNA damage. Alternatively, intermediate factors recognizing PAR chains at damaged sites may serve to recruit these complexes by physically interacting with them, as recently showed for the NuRD complex and the intermediate ZMYND8 [40] .
Given the widely accepted assumption that PARP activity at sites of DNA damage loosens the nucleosome structure to favor DDR signaling and/or repair [3], PARP may also indirectly trigger the recruitment of such repressive complexes by creating an open and accessible chromatin environment at DSBs. Consistent with this hypothesis, the damaged chromatin exhibits biphasic changes in its conformation upon DNA damage, with a rapid and transient expansion phase followed by a prolonged compaction phase [41] . Importantly, PARP inhibition not only impairs the transient chromatin expansion phase [42] , but also affects the recruitment to damaged sites of many chromatin remodeling complexes known to relax the chromatin structure [43] . Overall, these results suggest that PARP-mediated chromatin remodeling at DSBs is more complex than expected, with predictable effects also on local transcriptional events.
A recent study reported that several transcription factors rapidly and transiently localize to laser-damage in a PARP-dependent manner [43] , an event that has been proposed to generate a burst of transcription, responsible for the generation of small ncRNAs at damaged sites (Fig. 2) . Thus, PARP appears to be a very versatile tool in the DDR, acting very rapidly to reconfigure the structure and the transcriptional state of the damaged chromatin towards both its active and repressed state.
Intriguingly, PAR chain formation at DNA damage sites induces a local phase separation through the aggregation of intrinsically disordered proteins. This phase separation regulates protein interactions in the vicinity of the lesion and modulates, in space and time, the early phases of DDR activation [44] . Consistent with this model, PARP activity may simultaneously control the two apparently contradictory events of induction of ncRNAs, and repression of canonical transcription, by creating a PAR-seeded compartment where transcription and chromatin-relaxing factors accumulate, while chromatin repressive complexes are excluded.
ATM-mediated chromatin compaction pathway: an emerging model
Given the central role of chromatin structure in DDR signaling [45] , efforts have been made to characterize the DDR-dependent mechanism of transcriptional silencing that relies on chromatin compaction.
The first link between chromatin compaction and transcriptional silencing at DSBs was proposed in the above-mentioned report by Shanbhag et al. Here, ATM was described to promote H2A-K119ub formation at damaged sites via the recruitment of the E3 ubiquitin ligases RNF8 and RNF168 [10] . More recently, it was observed that H2A-K119ub cannot be catalyzed in vitro by RNF8 and RNF168 [46] , which are instead responsible for different ubiquitin marks, mainly involved in DDR signaling [47, 48] . However, RNF8 was shown to promote PRC1 recruitment to DNA damage sites, which in turn results in efficient DNA damage-induced H2A-K119ub formation [49] . This suggests that PRC1-associated ubiquitylation event may play a role in mediating local transcriptional silencing and that PRC1 may be the molecular effector of the ATM-driven chromatin compaction pathway at DSBs.
These suggestions were recently supported by results from two independent groups [29, 39] . Upon DSB induction next to an actively transcribed gene, PRC1 localizes to the DSB through its interaction with a component of the elongating transcriptional machinery itself, already present on the damaged chromatin, the transcriptional elongation factor ENL [39] (Fig. 3) . In particular, ATM-dependent phosphorylation of ENL stimulates its interaction with PRC1, likely inducing structural changes in the transcription machinery, thus allowing a rapid switch from transcription elongation to pausing. In addition to ENL, also the chromatin remodeling complex polybromo-associated BAF (PBAF) was identified as an ATM target in this pathway, and its activity was proposed to facilitate the access of PRC1 to damaged chromatin [29] (Fig. 3) .
PRC1 is a well-known repressor of gene expression, best characterized during development and differentiation when it acts together with PRC2 to repress transcription of specific sets of genes [50] . Intriguingly, also PRC2 has been shown to associate with H2A-K119ub formation at DNA damage sites [29] , but differently from PRC1, its function in this repressive transcriptional response still needs to be characterized.
During development, polycomb-mediated gene silencing is thought to occur in two steps: first, PRC2 trimethylates H3K27, then this modification is recognized by PRC1, which promotes H2A-K119ub [51] . Therefore, PRC2 nucleation and subsequent deposition of H3K27me3 on damaged chromatin may facilitate PRC1 recruitment, although contradictory observations exist about H3K27me3 marks at DNA damage sites [24, 29, 52] .
Recent works also challenged the classical sequential model for PRC1 and PRC2 recruitment to polycombtarget genes, and independent functions have been identified for both complexes during developmental stages [53] . This suggests that the interplay between PRC1 and PRC2 may be more intricate than expected also at DSB sites, and certainly deserves a better investigation.
Moreover, a recent work in primary cells where individual DSBs are generated at actively transcribed genes failed to detect PRC1 at DSB sites [54] . However, this work focuses on a specific PRC1 subunit, MEL18, whose function in DDR-dependent transcriptional silencing is less certain compared to the subunit BMI1, which has been indicated as the key PRC1 component modulating transcription at DSBs [29, 39] . Differently from PRC1, what drives PRC2 recruitment to DSB sites has not yet been investigated.
Due to the recent evidence that small ncRNAs are generated at damaged loci [13] [14] [15] , and the growing connections between PRC2 and noncoding RNAs [55, 56] , a hypothesis worth considering is that PRC2 may be recruited to DSBs by such DSB-induced RNA molecules. Of note, both PRC1 and PRC2 complexes were found to localize to laser-damaged sites in a PARP-dependent manner [24] , suggesting that different factors, such as ATM or PARP, may control their recruitment, likely depending on the type of DNA lesion. Alternatively, given the early and transient nature of PARP activation, it is tempting to speculate that PARP may initially promote PRC1 or PRC2 association with DNA damage sites, where they are then retained under control of ATM activity.
Overall, the emerging model depicts a scenario where factors involved in transcription and chromatin modulation, such as ENL and PBAF, are phosphorylated by ATM to recruit PRC1, which in turn represses gene transcription in close proximity to the DNA lesion via an undefined mechanism also involving PRC2 (Fig. 3) .
However, individual inactivation of all the abovementioned ATM substrates did not completely restore transcription upon DSB induction. Thus, additional yet unknown factors can participate in this repressive transcriptional pathway initiated by ATM [57] . A likely candidate may be the UBR5 E3 ligase, which indirectly controls H2A-K119ub levels at damaged sites by regulating total RNF168 protein levels [58] , but also functions as a downstream factor of PRC1 to inhibit transcription elongation at UV lesions [59] .
DNA-end resection: a physical trigger for transcriptional silencing at DSBs
In addition to activation of DDR factors, another DDR-related event has been proposed to repress transcription of genes near the lesion: the extensive nucleolytic degradation of the 5 0 strands at both DSB ends, a phenomenon named DNA-end resection.
Resection is an active process mediated by specialized nucleases and is required to initiate DSB repair via the homologous recombination (HR) pathway [60] . The budding yeast Saccharomyces cerevisiae is a convenient model system to study the resection process as it allows the induction of a single DSB in the characterized MAT locus, where extensive resection and recombination events naturally occur during mating type switching. Using an HR-defective yeast strain, it has been shown that transcription of genes surrounding the break at the MAT locus progressively decreased as the ends of the break were resected [61, 62] . More recently, Manfrini et al. [63] extended this observation by showing that such decrease was not restricted to the MAT locus: DSBs at three distinct sites reduced both the steady-state RNA levels of genes flanking the breaks and RNA-PII occupancy, in a manner inversely proportional to the distance from the break. Of note, when resection was impaired by inactivating the key nucleases MRX (Mre11-Rad50-Xrs2) complex and the exonuclease 1 (Exo1), both transcription and RNAPII binding were restored to an extent depending on the severity of the resection defect. These results strongly suggest that the conversion of doublestranded (dsDNA) to single-stranded DNA (ssDNA) is responsible for the observed transcriptional downregulation, and indicate DNA-end resection as a major mechanism of DSB-dependent transcriptional silencing in yeast (Fig. 4) . This conclusion highlights the differences between different biological systems since DDR kinases ATM and ATR are dispensable for transcriptional repression in yeast [63] , while they play key roles in mammals, as described above. Several observations seem to exclude a key role for resection in DSB-dependent transcriptional silencing in mammals. Loss of DNA-end resection in human cells through knockdown of the key resection factor CtIP does not impact on transcription inhibition of a reporter gene kilobases away from the DSBs [10] . Similar results were obtained in CtIPdepleted cells, by using EU labeling to study nascent transcription at endogenous laser-damaged loci [38] . Furthermore, resection events are cell-cycle regulated, being actively prevented during the G1 phase and restricted to S and G2 phases, when sister chromatids are available to repair the break by HR. Instead, DSB-dependent transcriptional repression was recently demonstrated also in nondividing cells [11] , suggesting that other prominent mechanisms must act in postmitotic mammalian cells, where resection is not taking place.
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Transcription at DSBs
The finding that transcription of genes next to or within DSBs is inhibited upon DNA damage needs to be discussed with the recent evidence that small noncoding RNAs are generated at DSBs in several organisms [13] [14] [15] .
In Arabidopsis thaliana, synthesis of small ncRNAs at DSB site is induced in an ATR-dependent manner through a process involving the RNA polymerase IV, RNA-dependent RNA polymerases, and components of the RNA interference (RNAi) machinery, such as Dicer-like proteins and Argonaute 2 (AGO2) [13] . Similar small RNA molecules carrying the sequence of the DNA surrounding the lesion were also discovered by RNA deep sequencing in two distinct mammalian setups and named DSB-induced RNAs (diRNAs) or DDR RNAs (DDRNAs) [13, 14] . Whether ncRNA generation at DSBs in mammals depends on ATR activation is presently unknown, but a clear role for the RNAi machinery in their biogenesis has been proved. This indicates that an RNAi pathway similar to that responsible for canonical DROSHA and DICER RNA products, such as microRNAs (miRNAs), might act in response to DNA damage.
Of note, DDRNAs have been identified from a DSB generated in an exogenous sequence lacking any mammalian promoter [14] , suggesting that transcription of small ncRNAs at DSBs may differ from the canonical promoter-driven transcription. In Drosophila cells, analogous DSB-induced ncRNAs have been involved in transcriptional modulation of the damaged locus itself [15] . Here, transient transfection of a linearized plasmid coding for a green fluorescent protein (GFP) induced a local small RNA response that correlated with low GFP levels. Intriguingly, GFP expression from the linearized plasmid was restored when components of the RNAi machinery were depleted, suggesting that RNAidependent small ncRNAs are responsible for the observed reduced GFP expression. In particular, such ncRNAs were shown to decrease the expression from homologous DNA sequences in trans, possibly acting through the canonical pathways of endogenous siRNAs (endo-siRNAs). Thus, these endo-siRNA-like molecules may promote post-transcriptional silencing of complementary mRNAs in the cytoplasm or regulate gene transcription of the damaged locus by cotranscriptional mechanisms, including those involving chromatin modifications [64] (Fig. 5) . Whatever is their mechanism of action, break-derived small ncRNAs in Drosophila appear to control local transcriptional events, rather than participate in DNA repair processes [65] .
Differently from Drosophila, experimental evidence both in plants and in mammals supports a model where site-specific RNAi products are required to assure efficient DNA repair. Inactivation of the enzymes involved in small ncRNAs biogenesis in plants, such as DICER and AGO2, impaired DNA repair efficiency by both HR [66] and nonhomologous end-joining pathways [67] ; while, in mammals, the RNAi factors DICER and DROSHA are necessary to fully activate the DDR and the focal accumulation of DDR signaling and repair proteins [14, [68] [69] [70] . Overall, these results suggest that DNA damage is a common trigger for small RNAs production in eukaryotes, which may play evolutionarily conserved functions in DNA repair and DDR processes.
Nevertheless, given the well-known functions of the RNAi machinery in transcription regulation, and in line with the role of DSB-induced RNAs in Drosophila, it is possible that DDRNAs or diRNAs may additionally affect local transcription of the damaged locus. A similar mechanism has been recently demonstrated in Neurospora crassa, where small ncRNAs generated from repetitive sequences in response to DNA damage trigger the transcriptional silencing of the repetitive locus, and also regulate HR processes [71] . Thus, a specific investigation aimed to characterize whether diRNAs and DDRNAs impact on transcription regulation of the damaged genomic locus, similar to what reported in Neurospora, is required to confirm or exclude this hypothesis.
As previously discussed, in mammals, DDR activation promotes transcriptional silencing of damaged loci via an ATM-dependent chromatin compaction pathway. Interestingly, inactivation of the enzymes involved in DDRNAs biogenesis reduced ATM autophosphorylation and activation, as well as its focal accumulation at DSB [14] . Thus, DDRNAs may participate in transcriptional silencing by enforcing ATM activity and assuring a proper DDR activation.
Alternatively, given the established roles of ncRNAs in epigenetic regulation [72] , DDRNAs may directly contribute to repress transcription at DSBs by acting as guiding molecules for the recruitment of chromatin repressive complexes to DNA damage sites, as already proposed above for the PRC2 complex. In support of this model, a recent work in a human cell line demonstrated that DSB-induced RNAs may alter the chromatin structure of the damaged locus, thus expanding the regulatory functions of ncRNAs in the DDR beyond DNA repair [69] .
The involvement of the RNases DROSHA and DICER in DDRNAs biogenesis suggests that long double-stranded RNA precursors are produced from the damaged locus to be then processed into short ncRNAs. Whether such precursors derive from processing of pre-existing transcripts or DSB-induced de novo transcription is not known [73] .
However, since ncRNAs carry the sequence of the DNA flanking the lesion, an intriguing hypothesis is that such RNA precursors may act as scaffold RNA to restrain ncRNAs activities in proximity to the DNA lesion and locally promote the recruitment of DDR factors or chromatin modifying complexes. Although largely speculative, this model is reminiscent of the well-characterized mechanism of heterochromatin formation and maintenance at the centromere locus in the yeast S. pombe, where small ncRNAs, derived from the same locus, direct the deposition of repressive histone marks by guiding repressive complexes through base pairing with nascent transcripts [74] . Intriguingly, a similar model has been described also in human cells, where many human genes are transcriptionally regulated by low-copy promoter-associated RNAs transcribed by RNAPII, which are recognized by small interfering RNAs and direct epigenetic silencing complexes to the corresponding targeted promoters [75, 76] . The potential connections between DDRNAs and transcriptional silencing at DSBs in mammals is also broadened by the notion that long noncoding RNAs (lncRNAs) may promote transcriptional silencing of target regions via a number of mechanisms of action [77] . Synthesis of lncRNAs at human gene promoters may indeed physically interfere with the loading of the preinitiation transcription complex [78] or directly promote the recruitment of effector proteins that are responsible for transcription inhibition. This is, for example, the case of the lncRNA generated from the 5 0 regulatory region of CCND1 gene in response to DNA damage, which interacts with the RNA binding protein FUS/TLS that in turn inhibits the local activity of the p300 histone acetyltransferase [79] . Given the emerging role of ncRNAs in the DDR and the intertwined relationship between DDR and DNA damage-induced transcriptional silencing in mammals, additional yet unidentified links may exist between these apparently opposite transcriptional activities at DSBs.
Role of DNA damage-dependent transcriptional repression in DNA repair
Given the importance of maintaining proper transcriptional activities, cells have evolved dedicated pathways to deal with DNA lesions that physically block transcribing RNAPII at damaged sites. These pathways, known as transcription-coupled repair (TC-NER), actively remove the stalled RNAPII from the damaged chromatin and restore normal expression of affected genes once the lesion is repaired [10] . From this perspective, the recent finding that also DSBs can suppress transcription of nearby genes is not completely unexpected. Indeed, the probability of a transcribing RNA polymerase encountering a DSB is lower than UV-induced bulky adducts, but the consequences might be more severe. Thus, transcription inhibition at DSBs may be beneficial in some respects, as it may favor DNA repair and avoid the harmful accumulation of aberrant mRNAs generated from the damaged template.
Gene silencing at DSBs is a rapid and transient event, which is promptly reversed upon DSB repair [10] . Importantly, restoration of gene transcription at DNA lesions also occurs in nondividing cells in vivo, highlighting the wide physiological relevance of such phenomenon [11] .
How transcription can be rapidly stopped and restarted in response to a DSB is still unclear. Certainly, the above-discussed model of transcription elongation inhibition, with pausing of the transcription machinery at the promoter region of repressed genes is the one that best fits the current experimental evidence [10, 39] . In addition to ATM-dependent phosphorylation of ENL, other pathways may exist to promptly stop elongating RNAPII and, similarly, modify the paused RNAPII to rapidly restart transcription once DNA is repaired. Extensive post-translational modifications of the C-terminal domain of the large subunit of RNAPII are indeed key coordinators of the progression of gene transcription and other cotranscriptional processes [80] . Whatever is the mechanism that drives transcription restoration, it now seems clear that a strict functional link with DNA repair must exist. In this regard, the deubiquitylating enzyme USP16 is noteworthy, as it both terminates the ubiquitin signals downstream of RNF8/RNF168 during repair processes [81] and promotes transcription restoration at DSBs [10] .
Importantly, DSB repair and transcriptional silencing influence each other reciprocally and lack of gene silencing at DSBs in turn impedes DSB repair processes. Preventing ATM-mediated phosphorylation of ENL or PBAF not only interferes with transcriptional repression at DSBs, but also results in increased sensitivity to ionizing radiation [39] , as well as in delayed DSB repair and increased number of chromosome breaks [82] . It is worth noticing that the role of PBAF in DNA repair activities becomes dispensable when ongoing transcription is inhibited prior to DNA damage, suggesting that PBAF involvement in DSB repair is related to its function in repressing transcription. Similarly, delayed repair of such DSBs is also an outcome of depletion of PRC1 or PRC2, which have been recently identified as important factors in DNA repair in general [24, 49, 83] . Since these factors participate in transcriptional repression at DSBs through chromatin compaction, it is conceivable that the condensed chromatin structure at DNA damage sites is no longer an obstacle, but is actually required for proper DNA repair when the lesions occur next to or within a gene. Moreover, the compacted chromatin state of the damaged locus may temporarily limit the mobility of DNA breaks and prevent harmful translocations, as suggested by the correlation existing between actively transcribed regions and the propensity for translocations [84, 85] . This reasoning is also supported by the evidence that RNA templates may guide DNA synthesis during homology-directed DSB repair [86] , suggesting that limiting the number of RNA transcripts from the damaged genes may be important to reduce undesired recombination events. Moreover, resolution of RNAÁDNA hybrid structures, which may potentially form as repair intermediates upon DNA end resection when the break occurs within actively transcribed regions, recently emerged as a key step for efficient DSB repair [87] .
Altogether, these results demonstrate that transcriptional silencing of genes next to DSBs is an integral step of the DDR, which contributes to efficient DNA repair when DSBs occur within actively transcribed regions.
Conclusions
Much of what we know about transcription modulation at damaged sites derives from very recent studies. This certainly contributes to our still limited understanding of how two opposite transcriptional events can co-exist on the same damaged stretch of chromatin. However, a similar paradox is not new in the literature. For example, transcription of specific genomic loci is required to transcriptionally silence the same loci in diverse contexts, as in the well-studied molecular events associated with centromeric heterochromatin formation in yeast [74] . It is conceivable that DSB-induced transcriptional silencing of canonical genes near DNA lesions similarly requires the generation of noncoding transcripts from the damaged locus. DSB-induced small ncRNAs are indeed active at a very low copy number per cell [14] , supporting that de-novo transcription may be kept at very low levels and may be compatible with concomitant inhibition of promoter-driven transcription. Moreover, the generation of small ncRNAs at DSBs is crucial for DSB repair and full DDR activation [66] [67] [68] [69] [70] , which in turn is required for the transcriptional silencing of the damaged locus. This provides an intriguing link and further supports a model where these two events can coexist. Certainly, we are still far from a complete understanding of such phenomenon, and many unresolved questions need to be addressed to solve the intricate puzzle of transcription at DNA damage sites.
